We conducted pulse-decay and steady-state flow experiments on vertically and horizontally oriented Eagle Ford Shale samples, using adsorbing gas (CO2) and non-adsorbing gas (Helium) as pore fluids. The permeability of these samples is highly anisotropic. He permeability of the Eagle Ford sample normal to bedding was ~10 nanodarcies. He permeability parallel to bedding was ~2 microdarcies. This large permeability anisotropy appears to reflect vertical flow through interconnected nanoscale pores along tortuous pathways whereas horizontal flow can also flow along microcracks and bedding planes.
Introduction
Unconventional reservoirs, such as shale formations, are known to hold abundant amounts of hydrocarbons. However, extremely low intrinsic permeability is a common characteristic of all unconventional shale reservoirs. Therefore, advanced technologies that enable operators to develop and commercially produce hydrocarbons from those low permeability reservoirs are necessary. Among the "enabler" technologies is hydraulic fracturing. During hydraulic fracturing operations, large volumes of water are commonly used. This becomes a challenge in areas, where water resources are scarce. Hence, a proposed supplement for water in hydraulic fracturing of shale reservoirs is hydraulic fracturing with CO2. Among the benefits of using CO2 in hydraulic fracturing is less flow back water that needs to be treated or permanently disposed of. In addition, shale formations are known to preferentially adsorb CO2 over CH4 as noted by several researchers (Kovscek et al., 2005; Nuttall et al., 2005; Kang et al. (2010) ; . Thus, another promising application for CO2 is CO2 injection for enhanced oil recovery. Understanding the transport mechanism of CO2 in high organic nanoporous shale reservoirs is therefore very essential. The objective of this paper is to investigate the effect of CO2 adsorption on the transport mechanisms in shale reservoirs.
Sample Descriptions
Permeability experiments were conducted on two intact Eagle Ford shale samples of similar composition: 1) a vertical plug (core axis oriented perpendicular to bedding) and 2) a horizontal plug (core axis oriented parallel to bedding). Both shale samples are 1-inch in diameter and were cut using Buehler precision saw to 5.98 mm (vertical sample) and 5.46 mm (horizontal sample) to expedite the measurements. Any protruding edges were sanded down to ensure flat and parallel end surfaces. The samples were then tested as received without any vacuum drying. The vertical and horizontal samples will be referred to as EF-V and EF-H, respectively. Figure 1 shows the mineralogy of the samples. The samples were predominantly composed of carbonate (70-85 wt%), which is typical for the Eagle Ford shale. Total organic carbon (TOC) content was approximately 2 wt% and the clay content was 8-10 wt%. The quartz concentration varied between 4 wt% for EF-V and 13 wt% for EF-H. The amount of feldspar and pyrite in both samples were minor. 
Methodology
The permeability experiments were conducted in a hydrostatic pressure vessel. A schematic of the hydrostatic permeability system is shown in Figure 2 . The three main components of the system are: the pressure vessel, the pore pressure controller, and the confining pressure controller. The pressure vessel is a Temco HCH bi-axial, hydrostatic core holder. The pore pressure is controlled by a Quizix QX-6000 pump, which is connected to either the CO2 or He gas cylinder and includes two independently controlled motor-driven pistons. One piston is connected to the upstream side of the core holder and the other piston is connected to the downstream side. The pump can operate in different operating modes including constant pressure or constant flow rate. The pressures and flow rates are measured by the Quizix system at an accuracy of ±0.01% and ±0.1%, respectively. The confining pressure is manually controlled using a high pressure generator. A Heise DXD pressure transducer is used to measure the confining pressure at an accuracy of ±0.1%. Schematic of the hydrostatic permeability system inside the thermal isolation chamber (modified from All experiments were conducted at a temperature of 38.5 o C with only ±0.1 o C temperature fluctuation over testing periods as long as several months. Temperature stability was achieved by inclosing the hydrostatic permeability system in a thermal isolation chamber and installing a heat control system. The heat control system consists of a heat generator and a fan. The heat generator turns on and off within the intended temperature window using a feedback algorithm implemented via LabView. The fan is always kept on during the experiment to circulate the air and keep temperature constant in the thermal isolation chamber.
For each sample, permeability experiments were conducted during loading and unloading cycles. During a single loading and unloading cycle, the pore pressure was maintained constant and the confining pressure was step-wise increased to the maximum effective stress and then step-wise decreased. As illustrated in Figure 3 , the sequence of a set of permeability experiments consists of a He-cycle, followed by a CO2-cycle, followed by another He-cycle. Before each cycle, the system including the sample was vacuumed overnight. Then, the pore fluid was injected at the target pore pressure and the sample was left to saturate for 24 hours prior to the He-cycle or 48 hours prior to the CO2-cycle. Permeability measurements obtained for the first cyclic loading with He were considered as reference points to investigate the effect of CO2 adsorption on permeability during the second cyclic loading. The purpose of conducting the third cyclic loading with He was to investigate the recoverability of permeability. The pore pressures for He and CO2 during the permeability measurements were determined based on a constant mean free path for both gases. The definition of mean free path is: where d is the molecular diameter and nv is the number of gas molecules per unit volume (Loeb, 1934) . From the CRC Handbook of Chemistry and Physics (2014), the molecular diameter, d, for He and CO2 were assumed to be 0.215 nm and 0.453 nm, respectively. The number of gas molecules (nv) can be computed using the following equation:
where ρ(p) is the gas density at pore pressure (p) derived from Equation-of-State calculations, M is the molecular weight and NA is Avogadro's number. Equations (1) and (2) were used to calculate the mean free path for He and CO2 as shown on Figure 4 . The calculations indicate that for a mean free path of ~1.6 nm, the pore pressures for He and CO2 should be set at 2,000 psi and 377 psi, respectively. Two methods to measure the permeability of the rock samples were employed in this study: the steady-state Darcy flow technique and the pressure pulse decay technique. As observed by Vermylen (2011) and , the steady-state Darcy flow is applicable for samples with ~1 microdarcy permeability and above. However, for lower permeability samples, the pressure pulse decay technique is more applicable because equilibrium cannot be reached within a reasonable amount of time for the steady-state Darcy flow technique to be employed.
Steady-State Darcy Flow Technique:
In the steady-state Darcy flow technique, a constant gas flow rate of 0.1 ml/min was applied and the pressure difference across the sample was measured. As described above, each cylinder within the Quizix QX-6000 pump was connected to one side of the core sample. This enabled us to maintain a constant flow rate across the core by setting the upstream and downstream flow rates to +0.1 ml/min and -0.1 ml/min, respectively. Once upstream and downstream pressures were stabilized, we used the modified Darcy's equation obtained from Scheidegger (1974) for a compressible gas to compute gas permeability:
where kg is the gas permeability, μ is the gas viscosity, q is the gas flow rate, L is length of the sample, A is crosssectional area of the sample, pUS is the upstream pressure and pDS is the downstream pressure. The initial pore pressure for He and CO2 were 2,000 psi and 377 psi, respectively, leading to the same mean free path for both gases.
Pressure Pulse Decay Technique:
In the pressure pulse decay technique, a pressure step was introduced and maintained constant at the upstream side creating an effective infinite reservoir volume (Zoback and Byerlee, 1975) , while the pressure response on the downstream side was measured. Pressure transducers in each cylinder were used to control and measure the pressure in the upstream and downstream reservoir, respectively. For the upstream pressure step, the equilibrated pore pressure was increased by 50 psi for both gases.
The model by Brace et al. (1968) was used to estimate the permeability of the sample. First, the natural logarithm of the difference between the upstream and the downstream pressure was plotted as a function of time. The pressure follows an exponential decay:
where ∆p(t) is the difference between the upstream pressure and the downstream pressure at time t, ∆po is the difference in pressure at time t = 0, t is time and α is the decay exponent. Then, the slope of the linear trend between the logarithm of pressure differential and time (i.e. the decay exponent, α) was used to compute permeability using the following equation:
where k is the sample permeability, A is the sample cross-sectional area, β is the gas compressibility at the given temperature and pressure conditions, Vdown is the downstream volume, L is the length of the sample, and µ is the gas viscosity at the given temperature and pressure conditions.
Results and Data Processing
Vertical Sample: The characterization of the vertical sample (EF-V) consists of permeability measurements for four cyclic loadings using the pressure pulse decay technique. In the first two cycles, He gas was used at 2,000 psi and 500 psi pore pressures. In the third cycle, CO2 gas was used at 377 psi pore pressure before applying He gas at 2,000 psi for the fourth cycle. The pressure steps taken during the four cyclic loadings are shown in Figure 5 . The results of the first cyclic loading using He at 2,000 psi pore pressure indicate a permeability range of 14 nD to 10 nD ( Figure 6 ). The corresponding effective stresses ranged from 1,000 psi to 4,000 psi. Hysteresis is observed in the permeability measurements because permeability rebounds to only 12 nD upon unloading. This phenomenon is an indication of permanent changes in pore structure. At the beginning of the second cyclic loading with He at 500 psi pore pressure, the starting permeability measurement indicates a slight increase in permeability compared to the last permeability measurement of the previous cycle ( Figure  6 ). This slight increase is possibly due to molecular slippage (also known as Klinkenberg effect), which appears at low pore pressures (Klinkenberg, 1941) . Similar to the previous cycle, hysteresis is observed due to further compaction at high effective stresses. The effective stress range for this cycle was 1,000 psi to 5,500 psi.
In the third cycle, CO2 was used to measure the permeability of the sample. The results show an order of magnitude reduction in permeability (Figure 6 ). The permeability measurement ranged from 1.0 nD to 0.4 nD. CO2 is known to be very adsorptive to the pore walls of the shale (Nuttall et al., 2005; Kang et al., 2010; . Consequently, the size of the pores through which the CO2 in the bulk flowed decreased causing the permeability to significantly decline compared to the permeability in the first He cycle. However, permeability was recovered when He gas was applied again for the fourth cyclic loading at 2,000 psi pore pressure. The effect of compaction is apparent here as the permeability measurements did not fully recover to the original values observed for the first He cycle. Horizontal Sample: The characterization of the horizontal sample (EF-H) consists of permeability measurements for three cyclic loadings using the steady-state Darcy flow technique. In the first cyclic loading, He gas was used at 2,000 psi pore pressure. Then in the second cycle, CO2 gas was used at 377 psi before conducting permeability measurements with He again at 2,000 psi pore pressure during the third cycle. The pressure steps during the three cyclic loadings are shown on Figure 7 . Figure 8 plots the permeability measurements of EF-H during the three cyclic loadings. The He permeability during the first cyclic loading indicates that the permeability of the horizontal sample is two orders of magnitude higher than the permeability of the vertical sample. Additionally, the permeability only decreased slightly when CO2 was introduced to the sample and was recovered when CO2 was substituted with He during the third cyclic loading. One important observation from this dataset is that the He permeability during the third cycle is higher than the He permeability during the first cycle. Another important observation is the hysteresis behavior of CO2 permeability measurement. Unlike the hysteresis behavior of He permeability measurements, CO2 permeability during the unloading phase was higher than the permeability during the loading phase. Both observations will be further discussed in the next section. 
Discussion
Permeability Anisotropy: The Eagle Ford shale exhibits a significant amount of permeability anisotropy as can be seen in the vertical and horizontal permeability measurements. Using He gas, the permeability of the horizontal sample is two orders of magnitude higher than the permeability of the vertical sample as shown in Figure 9a , which plots the He permeability as a function of effective stress during loading cycles. Our results indicate that fluid transport in the vertical core is limited to flow through connected pores, whereas fluid transport in the horizontal core is dominated by flow through microcracks and bedding planes. Additionally, our results suggest that the magnitude of permeability anisotropy is affected by CO2 adsorption. Using CO2 gas, the permeability of the horizontal sample is three orders of magnitude higher than the permeability of the vertical sample as shown in Figure 9b . Therefore, permeability anisotropy of CO2 is higher than permeability anisotropy of He. The effect of CO2 adsorption on permeability varied between the two Eagle Ford shale samples. The CO2 permeability of the vertical sample was an order of magnitude lower than the He permeability (Figure 10a ) while the CO2 permeability of the horizontal sample was only 20% lower than the He permeability ( Figure 10b ). As mentioned earlier, fluid transport in the vertical sample is limited to flow through connected pores. CO2 adsorption then leads to further narrowing or even blocking those small pores. Consequently, CO2 permeability of the vertical sample is substantially lower than He permeability. On the other hand, CO2 adsorption in the horizontal sample slightly reduces the size of the dominant pathways for pore fluids (i.e. microcarcks). The CO2 permeability of the horizontal sample is therefore slightly lower than the He permeability. Permeability Hysteresis: In the He permeability measurements, our results show that the vertical and horizontal samples exhibit irreversible reduction in permeability. With increasing effective stress (i.e. confining pressure), sample compaction and inelastic closure of conduits is expected to cause the irreversible reduction in permeability.
In the CO2 permeability measurements, our results show that the permeability during the unloading phase is higher than the permeability during the loading phase, especially for the horizontal sample. We speculate that internal adsorption-induced deformation during the loading phase causes the permeability to slightly increase during the subsequent unloading phase. Kowalczyk et al. (2010) modeled adsorption-induced deformation and concluded that upon adsorption of CO2 in carbonaceous porous media, sample deformation is dominated by the high internal adsorption stress. This phenomenon may explain the permeability enhancement of the third cycle with He which followed the CO2 cycle (Figure 8 ).
Conclusions
We have conducted laboratory experiments on two shale samples examining the effects of CO2 adsorption on permeability anisotropy. The samples, obtained from the Eagle Ford shale play, were a vertical sample and a horizontal sample. Permeability measurements were conducted on both samples using He at 2,000 psi pore pressure and CO2 at 377 psi pore pressure but at varying confining pressures. Our results show that the samples are highly anisotropic. The He permeability of the horizontal sample was two orders of magnitude higher than the permeability of the vertical sample. This large permeability anisotropy appears to reflect vertical flow through interconnected nanoscale pores along tortuous pathways whereas horizontal flow is dominant along microcracks and bedding planes.
Our results show that CO2 adsorption has a large impact on permeability anisotropy. The CO2 permeability of the vertical sample decreased by an order of magnitude compared to the previous He permeability. On the other hand, the permeability reduction with CO2 was minor in the horizontal sample. Our results also show that the permeability reduction with CO2 for both samples was recoverable. These findings suggest that applying CO2 as a hydraulic fracturing fluid should not have a significant impact on the horizontal permeability and any permeability reduction due to CO2 adsorption is recoverable upon putting the well on initial production. Additionally, the negative impact of b CO2 adsorption on the vertical permeability suggests that shale formations provide a vertical seal for geologic migration of CO2 in CO2 injection projects, such as enhanced oil recovery or CO2 sequestration and storage.
